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ABSTRACT
We study the effect of radio-jet core shift, which is a dependence of the position of the jet radio
core on the observational frequency. We derive a new method of measuring the jet magnetic
field based on both the value of the shift and the observed radio flux, which complements
the standard method that assumes equipartition. Using both methods, we re-analyse the blazar
sample of Zamaninasab et al. We find that equipartition is satisfied only if the jet opening angle
in the radio core region is close to the values found observationally, ≃0.1–0.2 divided by the
bulk Lorentz factor, Γj. Larger values, e.g., 1/Γj, would imply magnetic fields much above
equipartition. A small jet opening angle implies in turn the magnetization parameter of ≪ 1.
We determine the jet magnetic flux taking into account this effect. We find that the transverse-
averaged jet magnetic flux is fully compatible with the model of jet formation due to BH spin
energy extraction and the accretion being a magnetically arrested disc (MAD). We calculate
the jet average mass-flow rate corresponding to this model and find it consists of a substantial
fraction of the mass accretion rate. This suggests the jet composition with a large fraction of
baryons. We also calculate the average jet power, and find it moderately exceeds the accretion
power, ˙Mc2, reflecting BH spin energy extraction. We find our results for radio galaxies at
low Eddington ratios are compatible with MADs but require a low radiative efficiency, as
predicted by standard accretion models.
Key words: acceleration of particles–galaxies: jets–ISM: jets and outflows–magnetic fields–
quasars: general–radiation mechanisms: non-thermal.
1 INTRODUCTION
We study here extended jets, whose low-frequency emission orig-
inates in both a part of the jet which is optically thick to
synchrotron self-absorption, and a part which is optically thin
(Blandford & Ko¨nigl 1979, hereafter BK79; Ko¨nigl 1981). Then,
the partially self-absorbed emission peaks at a distance ∝∼ ν−1 along
the jet (where ν is the observed frequency), forming the radio core.
This dependence of core position on frequency of observation is
called the core shift. In this work, we study this effect theoreti-
cally. In particular, we consider the dependence of the magnetic
field strength derived from the core shift on the jet radio flux.
Then, we consider the samples of blazars and radio galaxies
of Zamaninasab et al. (2014), hereafter Z14. We apply to them
our theoretical results, and study equipartition and the jet opening
angles. We re-consider the application by Z14 of the model
of jet formation from black-hole (BH) spin-energy extraction
(Blandford & Znajek 1977) with the accretion being magneti-
cally arrested (MAD, Narayan, Igumenshchev & Abramowicz
2003; McKinney, Tchekhovskoy & Blandford
2012; Tchekhovskoy, Narayan & McKinney 2011;
Tchekhovskoy & McKinney 2012; Tchekhovskoy 2015). Such
flows have dragged so much magnetic flux to the BH that the flux
becomes dynamically important and obstructs the accretion, hence
the name.
2 CORE SHIFT IN THE MODEL OF BLANDFORD &
K ¨ONIGL (1979)
Lobanov (1998) and Hirotani (2005) have used core shifts to derive
formulae for the magnetic field in the jet frame, B(h), at a given
distance, h, along the jet. In these formulae, the information about
the jet radiative flux was not used. Then, the derived value of B de-
pends on the unknown normalization of the electron distribution.
In order to specify it, they assumed a degree of equipartition be-
tween the energy density of the magnetic field and electrons, i.e.,
the plasma β parameter that we define below in equation (6). How-
ever, this parameter can be far away from unity. Here we derive a
formula for B(h) that uses the information about the flux and makes
no assumption about the equipartition.
We first re-consider the result of Lobanov (1998) and Hirotani
(2005). We use the formulation of the model of BK79 of
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Zdziarski, Lubin´ski & Sikora (2012)1 (hereafter ZLS12). The jet
emits above some minimum distance, h0, over its length. Its total
synchrotron spectrum consists of a low-frequency part, in which
the jet is optically thick to synchrotron self-absorption up to some
distance and optically thin further out, and a high-frequency part,
which is optically thin. The boundary between these two parts is
called the break frequency, νt (which we define in the observer
frame), and its value depends on h0. The partially optically-thick
regime has the energy spectral index of 0, and thus Fν = constant at
ν <∼ νt. The model of BK79 assumes conservation of the relativistic-
electron flux and the toroidal magnetic energy flux in a jet for which
both the bulk Lorentz factor, Γj, and the (half) opening angle, Θj,
are constant. This implies
K(h) = K0(h/h0)−2, B(h) = B0(h/h0)−1, N(γ, h) = K(h)γ−p, (1)
where N is the electron distribution, K is its normalization, γ the
Lorentz factor of electrons, γmin < γ ≤ γmax, and p the electron
index.
Often, we know neither νt nor h0. However, in the partially
optically-thick regime, which we consider here, the emission at a
given frequency is mostly emitted by a narrow range of distance,
peaking at z ∝ ν−1. Thus, the actual value of h0 is of no importance
for emission below the break, νt. Therefore, we can parameterize
the jet using the dependences (1) down to an arbitrary position,
which we take at the gravitational radius, rg ≡ GM/c2 (where M is
the BH mass). We denote the values of B and K at h = rg as Bg,
Kg, respectively. We stress that this does not imply any jet emission
there and merely provides a convenient parameterization. Then, we
have
K(h) = Kg(h/rg)−2, B(h) = Bg(h/rg)−1, νt(h0) = νg(h0/rg)−1, (2)
where νg is the observed break frequency at h0 = rg.
The peak flux per unit h is emitted at h ≃ rgνg/ν. This follows,
e.g., from equation (21) of ZLS12, which gives the jet observed
flux following from the equation of radiative transfer, and which
integrand gives the spatial profile of the emission. We can calculate
those profiles in the optically thick and thin regimes, which give
dF/dh ∝ h3/2 and ∝ h−(1+p)/2, respectively, see Fig. 1, and the in-
tersection at h = (π/4)2/(p+4)rgνg/ν, where the numerical factor is
indeed close to unity for the usual p > 1. Then, we can use the
condition of the self-absorption optical depth at rg being unity for
νg, which can be obtained, e.g., from equation (23) of ZLS12,
[ (1 + z)hPνg
mec2
] p+4
2
=
πC2(p)σTKgrg tanΘj
αf sin i
(
δBg
Bcr
) p+2
2
, (3)
where hP is the Planck constant, me is the electron rest mass, σT
is the Thomson cross section, Bcr = 2πm2e c3/(ehP) is the critical
magnetic field, αf is the fine-structure constant, C2(2, 3) = 2/3, 1,
respectively, is a coefficient (for tangled B) defined in ZLS12, z is
the redshift, δ = [Γj(1 − βj cos i)]−1 is the Doppler factor, i is the
viewing angle, and βjc is the jet bulk velocity. (We follow here the
notation of ZLS12 except that we denote the Doppler factor by δ,
and the distance along the jet by h.)
1 Since the work of ZLS12 primarily concerns jets in BH binaries, their
expressions do not include dependences on the cosmological redshift. To
include them, the right-hand sides of equations (18) and (21) in ZLS12 need
to be multiplied by (1+z), and that of equation (22), by (1+z)7/2 . The powers
of (1 + z) in remaining formulae follow from that, and they are −(p + 4)/2
in equation (23), (3 − p)/2 in equation (24), and (p − 3)/2 in equation (26).
Also, the power of the Doppler factor in equation (26) has been misprinted
during typesetting; it should be −(p + 3)/2.
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Figure 1. An example of the dependences of jet radio flux per unit ln h at
three different frequencies, 2, 8 and 32 GHz shown by the blue dotted, red
dashed and black solid curves, respectively, and at z = 0. In this representa-
tion, the relative contribution of different distance ranges is proportional to
the plotted curves. The peaks correspond to the position of the radio core.
In this example, p = 2 and the jet emits above h0 ≃ 3 × 1013 cm. At this
distance, the jet is optically thin at ν > νg ≃ 3 × 1014 Hz; the plotted curves
are insensitive to this value.
The core shift between two frequencies along the jet is,
∆h = DL∆θ(1 + z)2 sin i = rgνg(ν
−1
1 − ν
−1
2 ), (4)
where ∆θ is the observed angular shift and DL is the luminosity dis-
tance. Here we can substitute νg of equation (3) to get ∆h in terms
of Kg and Bg. On the other hand, the quantity defined by Lobanov
(1998) and often reported in literature (e.g., in Pushkarev et al.
2012 and Z14) for the core shift is
Ωrν ≡ 1 mas
DL[pc]∆θ[mas]
(ν1[GHz]−1 − ν2[GHz]−1)(1 + z)2 , (5)
which is the shift in pc per unit 1/ν difference in GHz−1. Since in
our new method of measuring B, equation (8) below, we use sepa-
rately DL and ∆θ/(ν−11 − ν−12 ), we can calculate the latter using DL
calculated with the same cosmological parameters as those used by
the original authors. Since we analyse below the sample of Z14,
who used Ωrν from Pushkarev et al. (2012), we use the same pa-
rameters as them, ΩΛ = 0.73, Ωm = 0.27 and H0 = 71 km/(s Mpc).
Lobanov (1998) and Hirotani (2005) assumed a degree of
equipartition between the relativistic electrons and magnetic field.
To quantify deviations from it, we use a convenient, but non-
standard, definition of the plasma β parameter, in terms of energy
densities rather than pressures,
β ≡
up
B2/8π =
Kmec2(1 + k) f
B2/8π , f =

γ
2−p
max−γ
2−p
min
2−p , p , 2;
ln γmax
γmin
, p = 2,
(6)
where up is the particle energy density and k takes into account the
energy density in particles other than the power-law electrons, in
particular in ions (excluding the rest energy). We use such a defi-
nition because the magnetic pressure depends on the field config-
uration, being B2/8π and B2/24π and for a toroidal field and fully
tangled field, respectively, e.g., Leahy (1991), as well as the particle
pressure depends on its adiabatic index, while the energy densities
do not depend on those. Furthermore, the energy density ratio is
customarily used for defining equipartition in astrophysics.
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From the above definition and K/B2 = Kg/B2g (see equation
2), we obtain the magnetic field strength (in the comoving frame)
at the distance h (e.g., 1 pc) along the jet,
Bβ(h) = h−1×[
hPDL∆θ
(ν−11 − ν−12 )(1 + z)
] p+4
p+6
(
Bcr
δmec2 sin i
) p+2
p+6
[
8αf(1 + k) f
βC2(p)σT tanΘj
] 2
p+6
≃
1
h
{
10−7.00DL[pc]∆θ[mas]
(ν1[GHz]−1 − ν2[GHz]−1)(1 + z)
] p+4
p+6
(
1019.73
δ sin i
) p+2
p+6
×
[
1023.12(1 + k) f
β tanΘj
] 2
p+6
, (7)
where the last of the numerical coefficients has been calculated
for p = 2. This expression is almost the same as the correspond-
ing equation (43) of Hirotani (2005) except2 for his dependence
on (1 + z). The numerical coefficient at p = 2, k = z = 0,
γmax/γmin = 104.34 (corresponding to f = 10 assumed by Hirotani
2005), z and DL in pc, ν in GHz and ∆θ in mas is 1.42×10−8, which
is a small difference with respect to 1.45×10−8 in the expression of
O’Sullivan & Gabuzda (2009) (including their coefficient for Ωrν),
due to rounding errors in the latter.
On the other hand, the above method ignores the information
contained in the flux in the partially self-absorbed spectrum, Fν .
Under the assumptions of BK79, this flux can be used to derive
the magnetic field without linking the normalization of the electron
distribution to equipartition. The most direct way to do it appears
to express the observed flux via the source function of non-thermal
electrons (which is independent of K because both the emission
and absorption coefficients are proportional to it) and then integrate
the standard radiative transfer solution over the projected area of
the jet. This has been done in ZLS12 in their equations (17–18),
which allowed them to get a general expression for the flux in their
equation (21) (dependent on K only via the optical depth). Here, we
use equation (22) of ZLS12, which is the limit of their equation (21)
in the optically-thick regime (in which case the flux is completely
independent of K), to relate Fν [erg/(cm2 s Hz)] to the magnetic
field strength and the break energy at rg, Bg and hνg, respectively,
for which we use equations (2) and (4) above. This way, we derive
BF(h) = DLδ(hP/me)
7
h [(1 + z) sin i]3 c12
(
Bcr∆θ
ν−11 − ν
−1
2
)5[
αfC1(p)C3(p) tanΘj
24π3C2(p)Fν
]2
≃
3.35 × 10−11DL[pc] δ∆θ[mas]5 tanΘ2j
h[pc](ν1[GHz]−1 − ν2[GHz]−1)5 [(1 + z) sin i]3 Fν[Jy]2
, (8)
where C1(2, 3) ≃ 1.14, 1, C3(2, 3) ≃ 3.61, 2.10, respectively, are
coefficients defined in ZLS12, and the numerical coefficient in the
second line has been calculated for p = 2. The weak dependence on
p, only via the C constants, is a consequence of the analogous lack
2 This difference appears due to the assumption of Hirotani (2005) that the
special-relativistic invariance includes z, see his equations (17–18), which
leads to the transformation of sin i from the jet to the observer frame includ-
ing (1+ z). However, the transformation from the jet frame to the stationary
frame at the jet redshift is sin i = δ−1 sin i′. Then, the photon travels to the
observer radially without changing its direction, as well as the jet axis is no
more a distinct direction. Consequently, the coefficient of (1+z)−1 appears in
the expressions for p = 2 of O’Sullivan & Gabuzda (2009), Pushkarev et al.
(2012) and Z14 (who used the result of Hirotani 2005) instead of (1+z)−3/4.
Also, equation (10) of Lobanov (1998), giving B as a function of the core
shift, has an apparent typo in the power of sin i, which should be −1/2 in-
stead of −5/4.
of a dependence of the flux on p in the partially self-absorbed part
of the jet spectrum, see, e.g., equation (22) of ZLS12. The flux, Fν ,
is that of an inner jet integrated over both its optically thick and thin
parts, see Fig. 1. It is neither the flux of a radio core alone nor the
flux including outer parts, e.g., radio lobes. The used flux should
be of the flat part of the spectrum with Fν ∝∼ ν0. The relatively
high power of ∆θ above requires its accurate measurement. Both
formulae for B(h) are independent of M.
We can also calculate the equipartition coefficient using equa-
tions (7–8). We obtain
β =
f (1 + k)m20+3pe c34+5p sin8+p i
DLσTh19+3pP δ4+p
(
∆θ
ν−11 − ν
−1
2
)−13−2p [ 8(1 + z)
tanΘjB2cr
]7+p
×
(
C2
αf
)5+p (3π3Fν
C1C3
)6+p
, (9)
which is independent of h. The numerical coefficient at p = 2,
f = 1, k = 0, DL in pc, ν in GHz, Fν in Jy and ∆θ in mas is 3.28 ×
109. Given the high powers of most of the measured quantities, an
application of this formula can yield a relatively large fractional
error.
We note that radio cores allow for one more method to deter-
mine their magnetic field if their angular size is known (e.g., Slish
1963; Williams 1963; Hirotani 2005), independently of the value of
the source distance. For example, equation (39) of Zdziarski (2014)
can be used. Note that the flux in that formula corresponds to the
core only, unlike that in equation (8) above.
3 EQUIPARTITION IN THE SAMPLE OF Z14
We re-analyse the sample of Z14, which contains 68 blazars and 8
radio galaxies. This allows us to study in detail their average prop-
erties. Hereafter, we assume Θj ≪ 1, implying tanΘj ≃ Θj. In this
Section, we discuss blazars only, and consider the radio galaxies
separately in Section 7.
Z14 made some approximate substitutions for blazars that we
also adopt. Namely, we assume Γj = (1 + β2app)1/2, which is the
minimum Lorentz factor for a given observed apparent velocity,
βappc, i = Γ−1j (in which case δ ≃ Γj), and Θj = 0.13Γ−1j (from the fit
of Pushkarev et al. 2009)3. Following Z14, we also choose p = 2,
f = 10, k = 0 and β = 1, but we obtain slightly higher values of Bβ
than Z14, owing to our formula (7) having the corrected power of
(1 + z) (see footnote 2).
To calculate the magnetic field, BF, from equation (8), we need
to know the flux. For the sample of blazars, we get Fν measured
at 15 GHz at the same time as the core shift from the MOJAVE
(Lister et al. 2009) web page4. In a few cases, the core shift was
based on two observations and/or two radio bands, for which we
took the average flux. We do not consider the upper limits on the
core shift, of 9 blazars in the sample of Z14, which leaves 59 blazars
in our sample.
However, as Z14 note, the relationship between Θj and Γj is
observationally determined at larger distances than the radio cores,
and it is not known at the radio cores. In fact, Z14 used Θj = Γ−1j in
some of their following calculations. Thus, we allow the coefficient
of the opening angle for blazars, ϑj, to be a free parameter, defined
by Θj ≡ ϑj/Γj.
3 These assumptions were used in obtaining equation (4) from equation (3)
in Z14.
4 http://www.physics.purdue.edu/astro/MOJAVE/allsources.html
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Figure 2. The histogram of the ratio of the magnetic field determined using
the flux, equation (8), to that assuming pressure equipartition (β = 1), equa-
tion (7), at p = 2, k = 1 and ϑj = 0.13. The blue and black colours indicate
the blazars and radio galaxies, respectively.
Fig. 2 shows the histogram of BF/Bβ at ϑj = 0.13 and k = 1
for the 59 considered blazars, and at the values of ϑj and i listed in
Table 1 for 8 radio galaxies. For blazars, we obtain 〈BF/Bβ〉 ≃ 1.6
(hereafter the symbol 〈〉 denotes a geometric average, i.e., based
on averaging the logarithms), and we see a pronounced peak in the
distribution at BF/Bβ ≃ 2–3. This argues for a value of β with a rel-
atively small intrinsic dispersion in the blazar sample. We consider
the errors in determining the core shift to be a major cause of the
relatively large scatter seen in Fig. 2, corresponding to the standard
deviation of lg BF/Bβ of ≃ 1.1. We have also checked that there is
no statistically significant dependence of BF/Bβ on z.
We define a value of ϑj for blazars at which 〈BF/Bβ〉 = 1,
which we denote by ϑ0. We then assume all sources have the same
ϑj and β = k = 1. We find ϑ0 ≃ 0.11 at β = 1, and 〈Bβ〉 ≃ 1.3 G at
1 pc. On the other hand, we have the following dependences from
equations (7–9),
ϑj/ϑ0 = 〈β〉−1/(p+7), 〈BF/Bβ〉 = 〈β〉−2/(p+6) = (ϑj/ϑ0)2(p+7)/(p+6).(10)
Thus, the second expression above implies, for p = 2, that the dis-
tribution of blazars in Fig. 2 can be shifted along the BF/Bβ axis
by (ϑj/0.13)9/4, preserving the shape of the histogram. Then, we
can have ϑj > ϑ0 if β < 1. Still, 〈BF/Bβ〉 ≃ 160 for the observed
sample at ϑj = 1. This corresponds to a very large departure from
equipartition, 〈β〉 ≃ 1.6×10−9, with the standard deviation of lg β of
≃ 4.4. Since such large departures from equipartition are unlikely,
this argues for 〈ϑj〉 ≪ 1 in the blazar sample (in agreement with the
observations, see above). Hereafter, we assume ϑj = ϑ0 ≃ 0.11 for
blazars, corresponding to 〈β〉 = 1. On the other hand, β moderately
less than unity may occur if equipartition with magnetic field cor-
responds to only its random component, rather than the total one,
being predominantly structured and toroidal.
We note that Kovalev et al. (2005) provides the angular sizes
and fluxes of the cores at 15 GHz for all blazars in the studied sam-
ple. Thus, one could, in principle, obtain one more measurement of
B based on those data, see the last paragraph of Section 2. We leave
it to a future study.
4 IMPLICATIONS FOR THE JET PHYSICS
The magnetization parameter is the ratio of the Poynting flux to the
kinetic energy flux in the BH frame. In the jet rest frame, it is equal
to the ratio of the proper magnetic enthalpy, wB, to that for particles
including the rest energy, wp,
σ =
wB
wp
≃
B2/4π
ηup + ρc2
, (11)
where ρ is the rest-mass density, 4/3 < η < 5/3 is the particle
adiabatic index and B = 〈B′φ〉, i.e., it corresponds to the toroidal
component of the jet-frame magnetic field. Here, we average over
the jet cross section, i.e.,
B2 ≡
2π
∫ rj
0 dr rB
′
φ(r)2
πr2j
, (12)
where rj is the jet cylindrical radius, and we define ρ and up as anal-
ogous averages. Since we measure the magnetic fields using syn-
chrotron self-absorption (with the absorption coefficient ∝ B(2+p)/2
which is B2 for p = 2) through the entire source, the measured
strength approximately corresponds to the above B rather than, e.g.,
the surface value of B′φ(rj). Also, the jet magnetic power is strictly
proportional to the above averaged value.
Using equation (6), 1/σ = ηβ/2 + 4πρc2/B2. If we know both
σ and β, we can constrain the plasma parameters,
up
ρc2
=
βσ/2
1 − βση/2
,
B2/4π
ρc2
=
σ
1 − βση/2
. (13)
We note that this implies up = 2ρc2 at σ = β = 1 and η = 3/2 (cor-
responding to a mixture of relativistic electrons and nonrelativistic
protons). This puts strong constraints on the electron distribution,
requiring it to be hard in the absence of e± pairs. On the other hand,
there is no such problems at σ≪ 1, which we find here.
Indeed, σ is approximately related to the opening angle,
Θj ≃ sσ1/2/Γj, σ ≃ (ϑj/s)2, (14)
where s <∼ 1 (Tchekhovskoy, McKinney & Narayan 2009;
Komissarov et al. 2009). Since 〈ϑj〉 ∼ 0.1–0.2 at least at
large distances beyond the radio core (Pushkarev et al. 2009;
Clausen-Brown et al. 2013; Jorstad et al. 2005), the average
value of σ there is ≪ 1. A similar situation occurs in
BH binaries, whose jets have the opening angles ≪ 1/Γj
(Miller-Jones, Fender & Nakar 2006). Thus, some mechanisms in
the jet have to be able to decrease σ from an initial value
of ∼ Γmax ≫ 1 to below unity, see Komissarov (2011),
Tchekhovskoy et al. (2009), Lyubarsky (2010), where Γmax is the
Lorentz factor corresponding to the conversion off all of the mag-
netic energy into acceleration. Hereafter, we define Θj as the ratio
of the jet radius to the distance from the BH centre.
The Bernoulli equation for negligible energy losses is,
Γj
[
1 +
ηup + B2/4π
ρc2
]
= Γj
1 + σ
1 − βση/2
= Γmax. (15)
Since this equation is obtained by dividing the equations of energy
and mass conservation, the quantities involved are again averages
over the jet cross section. This equation gives Γj as a function of σ
and β. We can then use equations (13–15) together with the con-
servation of mass, equation (23) below, to determine the evolution
of the toroidal magnetic field and particle energy density along the
jet. We derive
B2(h) = B20βj
h20
h2
1 + σ0
1 + σ
, up = up0βj
h20
h2
β(1 + σ0)
1 + σ
, (16)
where B(h) differs from the corresponding dependence of equation
(1), which assumes constant Γj and Θj, whereas they vary in the
present approach. Here B0 and up0 are the magnetic field strength
c© 2015 RAS, MNRAS 000, 1–9
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and the particle energy density, respectively, at some reference
point. In the evolution of up, β is likely to vary as well. Note that
equation (16) also conserves the enthalpy flux in the limit Γj ≫ 1,
see equation (25) below. If Γj ∼ 1, e.g., near the jet base, both equa-
tion (1) and the relationship σ ≃ (ΓjΘj/s)2 no longer hold.
We then consider conservation of the poloidal magnetic flux
in the model with extraction of the rotational power of the BH
(Blandford & Znajek 1977). The poloidal component of the mag-
netic field is non-uniform across the jet as a result of the conversion
of the Poynting flux into the jet kinetic energy and it can be approx-
imated as a power law in the radial coordinate with the index of
α(σ) ∼ 1 (Tchekhovskoy et al. 2009), Bpj(r/rj)−α, where Bpj is the
surface value (depending on h). The flux is approximately given by
Φj ≡ 2π
∫ rj
0
dr rBp(r) = 22 − απBpjr
2
j . (17)
The factor of 2/(2 − α) represents the correction for the non-
uniformity, which was shown by Tchekhovskoy et al. (2009) to be
equal to (1 − Γj/Γmax)−1 ≃ (1 + σ)/σ (where the right-hand side is,
in the considered cold MHD approximation, for β = 0). Thus,
α =
2
1 + σ
, σ =
2 − α
α
. (18)
Then, the toroidal field component in the jet frame is given by
B′φ(r) =
Ωfr
cΓj
Bpj
(
r
rj
)−α
=
Ωfrj
cΓj
Bpj
(
r
rj
)1−α
≡ B′φj
(
r
rj
)1−α
, (19)
whereΩf is the angular frequency of the field lines. For comparison
with observations, we argued above that the average value of B′φ,
see equation (12), should be used, which is
B = B′φj
(
1 + σ
2σ
)1/2
. (20)
We can then write the magnetic flux in terms of the transverse-
average magnetic field strength, B, as
Φj =
23/2πrH shB(1 + σ)1/2
ℓa
, (21)
where rH = [1 + (1 − a2)1/2]rg is the BH horizon radius, a is the
dimensionless spin parameter, and ℓ <∼ 0.5 is the ratio of Ωf to the
BH angular frequency. The above equation is modified with respect
to equation (5) of Z14, who expressed it in terms of B′
φj rather than
the observed (average) field strength, and did not explicitly con-
sider the relationship between the jet opening angle and σ, equa-
tion (14). The above formula is identical to that of Z14 for σ = 1
and lower by 2−1/2 for σ ≪ 1. In numerical calculations, a = 1 is
assumed, as in Z14. We determine the values of B using equation
(7), i.e., B = Bβ, but impose the condition of 〈BF〉 = 〈Bβ〉, which
implies ϑj ≃ 0.11 for blazars, see Section 3. We do not directly use
the values of BF due to their large errors associated with the high
power of the core shift, see Section 2.
We can equate Φj to the poloidal flux treading the BH on one
hemisphere, ΦBH, which is limited by the ram pressure of the ac-
cretion flow (Narayan et al. 2003). This can be written as
ΦBH = φBH( ˙Mc)1/2rg, (22)
where saturation values of φBH ≃ 50 have been found
in GRMHD simulations of magnetically arrested accretion
(Tchekhovskoy et al. 2011; McKinney et al. 2012). Z14 estimated
˙M as L/ǫ, where L is the estimated bolometric luminosity, assum-
ing the radiative efficiency of ǫ = 0.4. However, the efficiency in
the MAD scenario is not determined by the bounding energy on the
-10.6 -10.4 -10.2 -10.0 -9.8 -9.6 -9.4
-9.4
-9.2
-9.0
-8.8
-8.6
-8.4
-8.2
-8.0
lg@HLΕL12Gc52D
lg
@F
jM
D
Figure 3. The correlation between Φj/M and L1/2 (normalized as in equa-
tion 22) for blazars. The dashed line corresponds to 〈φBH〉.
marginally stable orbit of the standard accretion disc. Since the ac-
cretion proceeds via the interchange instability, it is very difficult to
determine its efficiency. According to Narayan et al. (2003), such
an efficiency can be ∼0.5, even for the Schwarzschild geometry.
However, noting that a fraction of gravitational energy of accret-
ing matter can be transmitted outwards mechanically via magnetic
fields, lacking information what this fraction is we are not in posi-
tion to determine radiative efficiency of the MAD. Here we assume
ǫ = 0.2. For the blazar sample of Z14, ℓ = 0.5, a = s = k = β = 1,
and η = 3/2, we obtain 〈φBH〉 ≃ 33(ǫ/0.2)1/2 , with the standard
deviation of lgφBH of 0.23. Within the uncertainties of ǫ, ϑj, β, a,
and systematic uncertainties of our adopted idealized model, this
is in full agreement with the simulation results. Thus, our results
confirm that blazars can have jets originating from magnetically ar-
rested discs and be powered by the Blandford-Znajek mechanism,
but at the same time they can have σ≪ 1 at the radio core.
Note that both Φj and ΦBH depend linearly on the BH mass.
Thus, the actual strength of the correlation is completely indepen-
dent of it. Therefore, we present the correlation (for blazars only)
for both quantities divided by M in Fig. 3. We see a relatively good
correlation for blazars, though the visual scatter is much larger than
in fig. 2 of Z14, where the common dependence on M was included.
This is also because we do not show here radio galaxies, discussed
below in Section 7.
5 THE JET MASS-FLOW RATE, COMPOSITION, AND
POWER
The constant total jet+counterjet mass-flow rate is ˙Mj =
2πρc(Θjh)2βjΓj. Using equations (13–14) and (21–22), it can be
written as
˙Mj =
(Bhs)2βj
2cΓj
(
1 − ηβσ
2
)
=
φ2BH
˙Mr2gℓ2a2βj
16π2r2HΓmax
. (23)
For the blazar sample of Z14 at a = s = k = β = 1, we obtain
〈 ˙Mj/ ˙M〉 ≃ 0.14(ǫ/0.2), i.e., a relatively large fraction of the accre-
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Figure 4. The dependence of the ratio of (a) the jet mass flow rate to ˙M
and (b) the total jet power to ˙Mc2 (for ǫ = 0.2) on the Eddington ratio
for blazars. The dashed lines correspond to 〈 ˙Mj/ ˙M〉 and 〈Pj/ ˙Mc2〉, respec-
tively.
tion flow is channelled into the jet. This further supports a mod-
est value of the accretion radiative efficiency. Also, this strongly
suggests that the jets are relatively heavy and their mass is dom-
inated by baryons. This result depends only weakly on the un-
known values of β. It may be < 1, as a value > 1 would imply
an unlikely low average jet opening angle, see equation (10). Then,
˙Mj/ ˙M ∝ φ2BH ∝ B
2
β
∝ β−4/9, which follows from equation (7), and
which implies an even larger fractional ˙Mj for β < 1. Fig. 4(a)
shows the dependence of ˙Mj/ ˙M on the Eddington ratio (for the H
abundance of X = 0.7). We see that most of the blazars have L/LE
in the 0.1–1 range, and there is no apparent trend of ˙Mj/ ˙M seen
within this interval.
The jet+counterjet power, approximating Γj−1 ≃ Γj in its rest-
mass component, is P = 2πwcβj(ΘjhΓj)2 (e.g., Levinson 2006). We
find the power in the magnetic field and the total power, respec-
tively, as
PB =
(Bhs)2
2
cβjσ =
φ2BHσ
˙Mc2r2gℓ2a2βj
16π2r2H(1 + σ)
(24)
Pj =
(Bhs)2
2
cβj(1 + σ) =
φ2BH
˙Mc2r2gℓ2a2βj
16π2r2H
= ˙Mjc2Γmax, (25)
where we used equations (21–23). However, we note that some
objects in both the blazar and radio galaxy samples of Z14 have
βapp ≪ 1, and consequently Γj ∼ 1. While equation (24) is then
still valid, equation (25) no longer applies. We derive (based on the
formulation of, e.g., Zdziarski 2014),
Pj = PB
(
1 + ηβ
2Γj
+
Γj − 1
σΓj
)
. (26)
We use equation (26) hereafter.
For the sample of Z14 at a = s = k = β = 1, we ob-
tain 〈Pj/ ˙Mc2〉 ≃ 1.3(ǫ/0.2) for blazars. This agrees well with
the average from numerical simulations (Tchekhovskoy et al. 2011;
McKinney et al. 2012), as well as with the observational data in
Ghisellini et al. (2014). Fig. 4(b) shows the dependence of Pj/ ˙Mc2
on the Eddington ratio. In Figs. 4(a–b), we see a number of blazars
with ˙Mj >∼ ˙M and Pj/ ˙Mc2 >∼ 3, which may be due to the radiative
efficiency lower than assumed, and/or inaccuracies in the estimated
parameters, in particular B and L.
We point out that our result of 〈Pj/ ˙Mc2〉 ≃ 1.3(ǫ/0.2) also
strongly argues for the correctness of the identification of the mea-
sured B with the radial average of the square of the field strength
over the jet cross section, see equations (12), (20). If would instead
identify the observed values with the surface magnetic field, B′
φ,j,
the determined total jet power, which depends on the averaged field
(B in our notation), would be higher by a factor of (1 + σ)/(2σ),
which, for our σ ≪ 1 determined from the jet opening angles,
would be ≫ ˙Mc2, and thus clearly unphysical.
We also note that in the case of minimization of the jet power
with respect to the flux observed in the partially self-absorbed part
for a fixed jet opening angle, the minimum jet power is achieved
at σ = (2p + 3)/10 ≃ 0.5 (Zdziarski 2014). However, the opening
angle is related to σ in the present case and thus that result is not
applicable.
6 ALTERNATIVE MAGNETIC-TO-KINETIC ENERGY
CONVERSION
In the model adopted in Sections 4–5, the magnetic-to-kinetic en-
ergy flux conversion is assumed to result from the differential col-
limation of poloidal magnetic surfaces. This is the only currently
known conversion mechanism in steady-state, axisymmetric and
non-dissipative jets. (If there is a dissipative mechanism, the mag-
netic energy could be converted to thermal and kinetic energy.)
However, the efficiency of this process is predicted to be very low
for σ < 1 (e.g., Lyubarsky 2010), and, therefore, it is not clear
whether it can lead to σ ≪ 1 in radio cores. Hence, it is likely that
other mechanisms are involved in the conversion process, like re-
connection driven by MHD instabilities (see Komissarov 2011 and
references therein). The instabilities can develop when σ drops to
unity or even earlier if stimulated by high amplitude fluctuations
of the jet power and direction, which are predicted in the MAD
model (e.g., McKinney et al. 2012). In this case, σ can reach val-
ues ≪ 1 even prior to the blazar zone (i.e., the region where most
of the radiation is produced), as indicated by blazar models with
jet opening angles ∼ 1/Γ (Nalewajko, Sikora & Begelman 2014;
Janiak, Sikora & Moderski 2015). In such a scenario, collimation
of a jet from Θj ∼ 1/Γ in the blazar zone down to Θj ≪ 1/Γ in
the radio core can proceed following reconfinement of the flow by
shocks triggered by interaction of the cold, proton dominated, jets
with the external medium. In this phase, the jet is supersonic, and,
therefore, the reconfinement is not accompanied by the differential
collimation of the poloidal magnetic surfaces and value of σ is not
changing much.
Unfortunately, this conversion and collimation scenario does
not offer us an opportunity to verify the MAD jet production mech-
anism by measuring the magnetic flux. This is because reconnec-
tion is expected to significantly affect the scaling of magnetic field
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Table 1. The main parameters of the sample of the radio galaxies. We give the Eddington ratios based on Z14 (using their values of M), the values of the
jet inclination, i, and the opening angle, Θj (in radians), obtained by Z14 from literature (Savolainen and Zamaninasab, personal communication), and the
corresponding values of Γj and ϑj calculated using their values of βapp. We also give our assumed values of DL and the 15 GHz flux based on literature. Then,
we give the values found by us for magnetic field strength at 1 pc and the jet power based on Bβ.
Object DL [Mpc] L/LE Γj i Θj ϑj Fν [Jy] Bβ [G] BF [G] Pj [erg s−1]
0238–084 (NGC 1052) 19.4 7.6 × 10−6 1.03 1.40 0.087 0.09 2.4 0.018 7.4 × 10−5 3.9 × 1041
0430+052 (3C 120) 143 2.4 × 10−1 5.03 0.28 0.01 0.05 2.5 0.15 0.0021 2.7 × 1045
0951+693 (M81) 3.62 6.4 × 10−7 2.09 0.25 0.009 0.02 0.11 0.0079 0.0029 4.0 × 1042
1219+285 (W Comae) 465 2.5 × 10−4 7.16 0.44 0.09 0.64 0.57 0.097 0.0012 1.7 × 1045
1228+126 (M87) 16.4 7.3 × 10−8 1.16 0.24 0.261 0.30 2.0 0.014 0.016 4.2 × 1042
1322–427 (Cen A) 3.7 5.9 × 10−5 1.12 1.13 0.017 0.02 3.2 0.020 2.5 × 10−4 2.7 × 1042
1845+797 (3C 390.3) 250 4.1 × 10−3 3.81 0.73 0.08 0.30 0.31 0.11 0.012 1.3 × 1045
1957+405 (Cyg A) 248 9.4 × 10−4 1.02 1.40 0.13 0.13 0.5 0.088 0.014 1.1 × 1043
with distance. Nevertheless, a strong argument in favour of the
MAD scenario is provided by the energetics of quasar jets, often
found to have the jet powers of the order of ˙Mc2 (Ghisellini et al.
2010, 2014). Such jets require magnetic fluxes that are so large that
can be supported on the BH only by the ram pressure of the accret-
ing plasma.
If this alternative scenario is correct, the claimed agreement
between the poloidal magnetic flux in radio cores and that thread-
ing the BH has to be accidental. However, we should note that
this agreement is actually quite approximate, and it depends on
the uncertain values of the radiative efficiency of the magnetically-
dominated inner parts of the accretion flow and the uncertain values
of the BH spin.
Yet another alternative model has recently been proposed by
Nokhrina et al. (2015). While our results strongly indicate the jet
composition is mostly electron-ion, they considered e± jets, but
with only a small fraction, ∼ 0.01, of the pairs being accelerated.
This is likely to be difficult to reconcile with the observed lack of
bulk-Compton spectral features, especially if the jet is accelerated
up to Γj > 10 already at distances <∼ 104rg (Sikora & Madejski
2000).
7 RADIO GALAXIES
In calculating the inferred magnetic field at h = 1 pc in radio galax-
ies, Z14 applied their equation (3) using their estimates of i and Θj.
Since Z14 did not provide those values, we list them for complete-
ness in Table 1. Given the value of i, Γj(βapp) and δ are calculated,
with βappc given in Z14. Also, we note that the accretion luminosity
of 3C 120 used by Z14 corresponds to X-rays only. For its broad-
band spectrum, including UV, the value of L ≃ 8 × 1044 erg s−1 is
found (Ogle et al. 2005; Kataoka et al. 2011), which we use in our
calculations.
We have found the radio fluxes measured at the same time as
the core shifts, and the distances (given that z ≪ 1 for them) from
literature, see Table 1. In Table 1 and Fig. 2, we see that all the ra-
dio galaxies have BF/Bβ <∼ 1, and 〈BF/Bβ〉 ≃ 0.05. This is a strong
systematic effect unlikely to be due to the measurement errors. At
the face value, this indicates that those objects have magnetic fields
different from blazars, and significantly below equipartition. In Ta-
ble 1, we see that although ϑj < 1 for all of the radio galaxies, there
is a large range of its values. Still, the adopted values are not the
cause of the obtained low values of BF/Bβ. We have tested this by
assuming ϑj = 0.13, in which case we have found BF/Bβ < 1 for
most objects (except M81), and 〈BF/Bβ〉 ≃ 0.09.
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Figure 5. The dependence of the ratio of (a) the jet mass flow rate to ˙M
and (b) the total jet power to ˙Mc2 on the Eddington ratio for radio galaxies.
The large black circles correspond to the radio galaxies using Bβ (at β = 1).
For M87, we show two pairs of values (connected by a line), with the upper
one corresponding to βapp = 6, see Section 7. For comparison, the small
blue circles show the blazars (at β = 1), and the dashed lines show their
respective averages. The radiative efficiency of equation (27) has been used
for all objects.
A possible reason for the above discrepancy and the difference
with respect to blazars is the difference in viewing angles. Blazars
are seen close to the jet axis, and the measured flux is strongly
dominated by the fastest part of the jet, and, e.g., the flux from
their radio lobes is completely negligible. On the other hand, radio
galaxies are viewed from the side, and the relativistic beaming is
minor. Thus, the measured radio flux may include slower parts of
the jet and radio lobes. Thus, while our new method for measur-
ing B from the core shift works well for blazars, it is not reliable
c© 2015 RAS, MNRAS 000, 1–9
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for radio galaxies unless we can clearly separate the part of the jet
with the flat average spectrum (energy spectral index of ≃ 0), cor-
responding to the BK79 model. Thus, we no longer consider here
the obtained values of BF. We note that the magnetic field strengths
in radio galaxies can also be estimated by using the angular sizes
of the radio cores (which is outside the scope of this paper).
We find also that the radiative efficiency needs to be reduced
for radio galaxies. Using the values of Bβ (at β = 1) and ǫ = 0.2,
we find ˙Mj/ ˙M ≫ 1 for the 4 objects (out of 8) at the lowest L/LE.
We thus take into account a decrease of ǫ at low accretion rates
occuring in radiatively-inefficient accretion (Narayan & Yi 1994).
We assume that the decrease of the radiative efficiency occurs at
˙M <∼ ˙Mcr = 0.1LE/c2,
ǫ =
ǫ0
1 + 0.1LE/( ˙Mc2)
, L = ǫ ˙Mc2, (27)
where ǫ0 = 0.2, as adopted for blazars in Section 4. We then solve
for ˙M(L). The adopted value of ˙Mcr is relatively uncertain. In BH
binaries, the above value corresponds to the typical transition from
the soft to hard state (at L ∼ 0.02LE; Maccarone 2003), but it may
differ in AGNs. Since all objects in our samples have L <∼ LE, we
do not include above the efficiency reduction of slim discs.
Fig. 5(a) shows the resulting values of ˙Mj/ ˙M. We see that tak-
ing into account the radiative inefficiency at low accretion rates re-
sults in the range of the obtained values similar to those for blazars.
Fig. 5(b) shows the obtained Pj/ ˙Mc2, and the values of Pj are given
in Table 1. We see that the values are lower on average than those
for blazars. The main cause of this difference appears to be the val-
ues of Γj being much lower in radio galaxies (see Table 1) than
those in blazars. We note, however, that the observed low values of
Γj in radio galaxies may result from their large viewing angles, at
which any fast moving feature is relativistically de-boosted. Also,
the values adopted in Z14 often correspond to a particular part of an
observed jet. E.g., the value of Γj ≃ 1.16 used for M87 corresponds
to an inner jet, while the proper motion observed at larger distances
implies Γj ∼ 6 (Biretta, Sparks & Macchetto 1999). A larger Γj sig-
nificantly increases the jet power. We show this in Fig. 5, where the
upper points for M87 correspond to βapp = 6 (Biretta et al. 1999)
and Θj = 0.01 (Asada & Nakamura 2012), yielding Pj ≃ 3.2× 1043
erg s−1. Our results for the jet power can also be compared to the
jet power determined by other methods, which, however, is outside
the scope of this paper.
We note that Mocz & Guo (2015) have also taken into account
the radiative efficiency reduction at low accretion rates. They in-
cluded only the jet power in the magnetic field [though their nu-
merical coefficient for a single jet is lower by a factor of 0.63 from
our value of (1 pc)2c/4] and neglected the counterjet. Also, they
neglected the power in particles, which, at their assumed σ = 1,
would introduce a further factor of 2 in the total jet power with
respect to their equation (5).
8 SUMMARY
We have derived an expression for the magnetic field using mea-
surements of both the core shift and the total flux in the partially
self-absorbed part of the spectrum (under the assumptions of the
model of BK79), without assuming equipartition between the rel-
ativistic electrons and magnetic field. This expression is comple-
mentary to that using equipartition, and a comparison of them can
be used to estimate the jet opening angle. For the latter formula, we
have corrected a minor error in the power of (1 + z).
We have applied both formulae to the blazar sample of Z14.
We have found that equipartition is approximately satisfied only if
the jet opening angleΘ j in the radio core region is close to the value
found observationally, ≃ (0.1–0.2)/Γj, in which case the magnetic
field strengths are consistent with Z14. Larger values of Θ j would
imply very strong departures from equipartition, in particular 1/Γj
yields β ∼ 10−9.
We have then studied the magnetic flux in the jet in the frame-
work of the model of Blandford & Znajek (1977) following the
method of Z14, but accounting for the obtained low value of the
jet opening angle, implying the magnetization parameter of σ ≪ 1.
Also, we expressed the magnetic flux in terms of the transverse av-
erage of the toroidal field strength, which appears to correspond to
the observed values more directly than the surface strength used be-
fore. We have confirmed that the average jet magnetic flux is com-
patible with both the magnetically arrested accretion and σ ≪ 1.
This helps to resolve some of the problems with modelling of
blazars for the strong magnetic fields measured by the core shift
method pointed out by Nalewajko et al. (2014).
We have calculated the jet mass-flow corresponding to the
above model, and found it consists of a substantial fraction of the
mass accretion rate, ˙Mj ≃ 0.14 ˙M for our chosen parameters. For
those, the jet power is Pj ≃ 1.3 ˙Mc2, consistent with the results of
numerical simulations of MADs.
Finally, we have found that at least some of the radio galaxies
in the sample of Z14 may also accrete via the MADs. However, the
accretion is required to be radiatively inefficient, in agreement with
standard models.
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